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SUMMARY
A series of combustion experiments using metallized gelled liquid propellants were conducted.
These experiments used a small 30- to 40-1bt thrust engine composed of a modular injector, igniter,
chamber and nozzle. The fuels used were traditional liquid RP-1 and gelled RP-1 with 0-wt %, 5-
wt%, and 55-wt% loadings of aluminum and gaseous oxygen was the oxidizer. Ten different
injectors were used during the testing: 6 were for the baseline O2/RP- 1 tests and 4 for the gelled
fuels. Relatively high C-star efficiencies were obtained with gelled RP-1 (0-wt% RP-l/A1) and
metallized 5-wt% RP-1/A1 over the O/F range tested: 90-98%. A peak of 98% efficiency was
reached with ungelled O2/RP- 1 and up to 95% efficiency was obtained with gelled RP-1/A1 (55-
wt% A1). Injector erosion was evident with the 55-wt% testing, while there was little or no
erosion seen with the gelled RP-1 with 0 and 5-wt% AI. A protective layer of gelled fuel formed in
the firings that minimized the damage to the rocket injector face. This effect may provide a useful
technique for engine cooling.
w
Introduction
Metallized gelled propellants have been studied analytically and experimentally for over 60
yearsl. The historical work has focused on the benefits of high specific impulse, high density, and
safety2, 3.4, 5, 6. Current non-NASA uses for these propellants may lie in tactical and strategic
missiles and aircraft ejection seats3, 4, s, 6. Extensive work has been conducted with metallized-
gelled Earth-storable propellants, such as hydrazine (N2I-I4), Inhibited Red Fuming Nitric Acid
(IRFNA), and monomethyl hydrazine (MMH). However, these propellants are not planned for use
in future NASA launch vehicles. To explore the potential of metallized-geUed fuels, NASA chose
to pursue the propellant combinations that were more suitable to its future plans in the Metallized
Propellant ProgramT-14. This program, at the NASA Lewis Research Center, has been conducting
both experimental, analytical, and mission studies since 1987. This program's concentrated on
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O2/RP-1 and O2/H2 propellant combinations and the issues related to using these gelled propellants
with metal particle additives. Several mission studies have indicated that O2/RP-1/AI can have
significant benefits by increasing propellant density. Testing was therefore conducted with O2/RP-
l/A1 propellants using gelled RP-1 with aluminum particles. Some of the results of that testing are
summarized in this paper.
Purpose of Experiments
Rocket performance and heat transfer measurements were desired in this test program.
During the combustion of metal particles, the two-phase flow creates a mismatch in the combustion
time scale of the liquid droplets and the solid particles. The heat transfer measurements were
envisioned so that some estimate might be made of the delay in ignition for the aluminum. Both
baseline non-metallized propellants and various metal loadings with gelled RP-1 were used to
compare the combustion temperature heat flux profdes of the different combustion environments.
Experimental Setup
All of the experiments were conducted in the Rocket Laboratories of NASA Lewis. The
combustion testing was conducted in Cell 21 and Cell 14 was used for propellant mixing. Cell 21
is a test facility with a very flexible capability and many diverse propellants can be tested. Oxygen
/hydrogen igniters flows, O2/CO, O2/AI and gelled-metallized propellants are some of the
combinations that have been tested. Except for the RP-1 and RP-1/AI, all of the propellants in the
cell are provided in gaseous form. The gases are 02, H2, and N2. Nitrogen is used as a purge gas
to protect the igniter and engine after engine shutdown. Both the 02 and H2 are provided from
high-pressure trailers. The liquid RP-1 propellants are delivered to the engine using a pressurized
tank attached to the cell. Gelled propellants are pressurized and fed using a piston-cylinder tank.
Micro-Motion flow meters are used to determine the liquid flow rates while a series of orifices are
used to control the gas flow rates. A TRADAR data acquisition system with up to 100 data
channels is used.
Engine Hardware
Both heat sink and calorimeter experiments were conducted. The heat-sink combustion
chamber has a 2.6-inch inside diameter and it is 6 inches long and the nozzle has a 0.6-inch
diameter throat. A 22-channel cooling passage calorimeter chamber was used. The associated
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calorimeter nozzle has 9 cooling channels. Numerous thermocouples are located in the cooling
passages of the calorimeter combustion chamber. The injectors use a oxidizer manifold within the
injector body and have a fuel dome set atop it. The injector elements are an O-F-O design and both
four and eight element patterns were tested. During the testing, a wide range of oxidizer-fuel
ratios (O/F) were investigated. The injectors were designed for an O/F range of 1.2-4.2 for O2/RP-
1 and 1.4-3.7 for O2/RP-1/A1.
Fuel Preparation
Several types of gelled-metallized fuels with different metal loadings were investigated. All
of the propellant mixing was conducted in Cell 14 of the Rocket Laboratories. When mixing, it is
important to add the "dry" elements first: adding metal, then gellant, then fuel. A small amount of
liquid surfactant, Tween 85, is also added to the high metal loading fuels. The gelled RP-1 was
prepared with a 6.5 wt% gellant concentration. This gellant wt% was selected based on a series of
gelling experiments in which a range of 1-10 wt% was used. With the 5 wt% RP-1/A1 fuel, 5 wt%
gellant was added and with the 55 wt% RP-1/A1, the gellant fraction was 3.5 wt%.
Engine Efficiency
Some preliminary results are presented here based on initial analyses of the test data. All of
the results presented here are for the heat sink engine. The testing with the calorimeter engine is
not yet completed, therefore no heat transfer data is presented. With the O2/RP-1, the maximum
Cstar efficiency occurred near a 3.00/F. With the gelled RP-1 (0-wt% RP-1/AI), the O/F for the
maximum Cstar efficiency was nearly the same. Both demonstrated very high C-star efficiencies
of up to 98%. Using O2/RP-1/A1 (5 wt% RP-1/AI) a 90-95 % Cstar efficiency was delivered. The
efficiency curve had a very fiat response, with no obvious peak in the curve. At a 55 wt% RP-1/AI
loading, the Cstar efficiency peak occurred near 1.5-2.00/F.
Observations
Self-protection of injectors. During the testing with gelled RP-1 and the -wt% RP-1/AI,
some residual propellant was found in the rocket chamber, coating the injector face and chamber
Walls. Once this thin layer was removed with a soft cloth, the metal surfaces exhibited minimal
erosion. This is a marked contrast to the blackening of the O-z/RP- 1 injector faces and injector-face
erosion that occurred with the 55-wt% RP-l/A1. Am improved cooling technique might be
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derived from this effect.
Metal agglomerations in the nozzle. When testing the 55-wt% RP- l/A1, metal
agglomerations occurred in the nozzle. After 15, 2-second f'u'ings, the agglomeration had reduced
the throat diameter from 0.6 inches to 0.45 inches. Several f'mger-like filaments extended out if the
nozzle along its walls. This agglomeration was a hardened metal buildup that could not be easily
removed. After taking the nozzle off the rig, the agglomeration could be chipped off with a chisel
and once loosened, came off in large segments.
Conclusions
High efficiency combustion of gelled metallized propellants was realized with even simple
4- and 8-element triplet injectors. With gelled metallized fuels, C-star efficiencies of over 90
percent were achieved, with the highest efficiency for the 55 wt% RP-1/AI being 95 percent.
Though the high metal loading, 55-wt% RP-1/AI, engine runs experienced some agglomerationf---_..
and erosion difficulties, the 0- and 5-wt% tests ran well, with a high C-star efficiency, and
demonstrated a self-protective layer of gelled propellants and combustion products.
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